The European wildcat (Felis silvestris silvestris) is threatened across the totality of 3 its area of distribution by hybridization with the domestic cat F.s. catus. The 4 underlying ecological processes promoting hybridization, remain largely unknown. 5
INTRODUCTION
Hybridization is especially common between subspecies, due to incomplete 30 reproductive isolation and therefore a higher likelihood of successful interbreeding (1-31 3) . This is the case for the European wildcat Felis silvestris silvestris, a medium-sized 32 carnivore widely spread in Europe (4) , which is highly threatened over its entire 33 distribution area by its closely related domestic counterparts F. s. catus (5) . 34 Interbreeding between wildcats and domestic cats may lead to introgressive 35 hybridization, followed by disruption of local genetic adaptations, and then to a loss of 36 the European wildcat genetic integrity, and even to the extinction of the sub-species (6) . 37 Studies across the area of distribution of the European wildcat have shown that 38 there is a high degree of variability in the extent of admixture with domestic cats. High 39 levels (up to 45%) of hybridization have been reported in Hungary and Scotland (3,7-40 10) , while low levels (between 0 and 2%) of interbreeding with domestic cats have been 41 shown in Germany, Italy, and Portugal (9) (10) (11) (12) . The direction of the gene flow also varied, 42 some studies reporting a gene flow from domestic cats to wildcats (13, 14) while others 43 showed the opposite with a detected flow from wildcats to domestic cats (15) . Such high 44 degree of heterogeneity in hybridization modalities and subsequent introgression may 45 reflect different environmental conditions (e.g., habitat fragmentation, urban pressure). 46 Characterizing the patterns and processes of hybridization in nature is crucial to the 47 introduction of measures designed to prevent hybridization and then plan efficient 48 conservation guidelines for European wildcats. 49
The different underlying processes leading to hybridization have been under 50 investigated in the past, since this requires to focusing on the interacting populations of 51 wildcats and domestic cats at a local scale. To our knowledge, only one study combining 52 genetics and radio-tracking of wildcats (16) has been conducted at a local scale in an 53 area of ancient sympatry in Northeastern France. This study was conducted in a 54 fragmented landscape, where forests, crops and villages alternate. A spatial sexual 55 segregation was observed, with females living mostly inside the forest with an access to 56 crops, and males remaining at the edge of the forest. The localization of male wildcats 57 was proposed to be a factor promoting hybridization between them and female 58 domestic cats. Furthermore, the home-ranges of related females were spatially close -59 even overlapping -suggesting that prey might be abundant enough in this habitat to 60 result in a greater tolerance for overlap between females and their relatives (16) . 61
However, this single study may not have accurately captured all the diversity in the 62 hybridization processes and more local studies are urgently needed to deepen our 63 understanding of the factors promoting hybridization in the European wildcat. 64
In this paper, we extent our analyses in the local population of Northeastern 65 France (16) with a comprehensive sampling of domestic cats allowing for the detection 66 of hybrids both in the wild and the domestic population. In addition, we have conducted 67 a genetic study of wildcats at a local scale within a protected area in the French part of 68 the Pyrenees. The French Pyrenean wildcat population is suspected to be relatively 69 isolated within the species' distribution range in France and northern Europe (17) , and 70 has never been genetically characterized, particularly regarding hybridization. In this 71 area the forest landscape is highly continuous, contrary to the fragmented forests of 72 Northeastern France (18) . Here, we have endeavored to assess the genetic status of this 73 wildcat population and the impact of spatial proximity of wildcats to human influences 74 on their genetic admixture by comparing results of relatedness and hybridization 75 pattern with the wildcat population of northeastern France. Given the continuous forest 76 habitat with few interfaces between forests and villages in this area, we may expect 77 hybridization to be rare or inexistent in Pyrenean European wildcats. We did not expect 78 female natal philopatry when food resources are less abundant in the study area due to 79 the absence of agricultural fields. 80
81

MATERIAL AND METHODS
82
Study areas and non-invasive sampling 83
In Northeastern France, the area of study covered approximately 400 km² (16) . 84
The landscape is substantially fragmented (18) and consists of an alternation between 85 forests, agricultural fields and permanent grass with elevations ranging from 250-400m. 86 A total of sixteen villages (30 to 600 inhabitants per village) were in direct proximity 87 with the forest where wildcats were sampled. In the Pyrenees, the Nohèdes Nature 88
Reserve presents elevations ranging from 760-2,459m while the elevation of the Jujols 89 Nature Reserve ranges between 1,100 and 2,172m. The study area covers a total surface 90 of 325 km² of continuous forest (oak, maple, ash, pines, beech). These two nature 91 reserves are in proximity with ten villages (30 to 230 inhabitants per village), and more 92 particularly with the village of Nohèdes, Urbanya, Conat and Jujols. 93
In Northeastern France, domestic cats (N = 371) and wildcats (N = 32) were 94 captured, and blood samples were collected for each individual, from November-95 repeat where the consensus genotype is obtained is rated with QI equal to 1, a repeat 145 with a homozygote genotype while the consensus genotype is heterozygote will have a 146 averaged over all repeats for each locus, and then over all loci for an individual to obtain 148 a QI per sample. Only individuals presenting a QI superior than 0.6 were included in the 149 subsequent analyses. 150
Consensus genotypes and population genetics analyses 151
Consensus genotypes were built as follows. Two genotypes were considered to 152 represent the same individual when (1) they were identical, (2) they only differed by 153 missing data and these missing data did not represent more than ten microsatellite 154 markers, (3) they only differed by missing data below the threshold of ten markers and a 155 single difference that could be explained by allelic dropout. Deviations of loci from both 156
Hardy-Weinberg equilibrium (HWE) and linkage equilibrium were both tested using 157
FSTAT v 2.9. 
Admixture analysis 180
The Bayesian clustering method implemented in STRUCTURE v2.3.4 (26, 27) was 181 used to identify wildcats, domestic cats and possible hybrids by applying the admixture 182 model with correlated allele frequencies. The optimal number of clusters K was 183 determined using the method described by Evanno et al. (28) . STRUCTURE was used to 184 assess membership proportions (qi) to the inferred K clusters, which correspond to the 185 proportion of each individual's multilocus genotype belonging to each of the inferred K 186 clusters. The threshold level to differentiate wildcats and domestic cats from hybrids 187 was determined by selecting individuals which were believed to be representative of the 188 parental populations using the iterative algorithm described in Beugin European wildcat had been reported (see Figure 1 ). Forty-four out of the 71 fresh feces 232 collected, and 22 out of the 27 hair samples collected showed a QI superior than 0.6 233 (mean = 0.84, sd = 0.12, see supplementary material, Figure S1 ). On average, 74.1% (sd 234 = 0.31) of the loci were successfully amplified using feces while 81.5% (sd = 0.32) of the 235 loci were successfully amplified on average from hairs. 
Genetic diversity and kinship pattern 257
We did not detect any linkage disequilibrium in any of the populations. On the 258 contrary, the northeastern population of domestic cats showed signs of Hardy-Weinberg 259 disequilibrium for six loci (Fca8, Fca45, Fca96, Fca229, Fca453) . The presence of null 260 alleles did not explain significantly these deviations. 261
Domestic cats showed a higher allelic richness than European wildcats both in the 262 Pyrenees (mean = 6.55, sd = 1.34 for domestic cats, mean = 4.84, sd = 1.46 for wildcats, 263 Table 1 =0.0414) . The DAPC scatter-plot (Figure 2 ) confirmed the sharp distinction between the two European wildcat populations.
Figure 2:
Scatter plot of the discriminant analysis of principal components (DAPC) integrated all Pyrenean domestic cats and wildcats, northeastern wildcats, and 31 domestic cats that could be genotyped over the 31 microsatellites. The first PC describes 81% of the genetic diversity and the second axis 14%.
Females from the Pyrenean wildcat population showed an Fis value close to zero (Fis = 0.00028), while males showed a heterozygote excess (Fis = -0.09). Wildcat females also presented a higher Fis than males in northeastern France but with females being inbred (Fis = 0.04) and males at equilibrium (Fis = -0.01). Individuals from the Pyrenean wildcat population were poorly related and, in both sexes, related wildcat individuals were not sampled significantly closer together compared to unrelated individuals in the Pyrenees according to the linear mixed model (Supplementary Material, Figure S3 ). On the contrary, in Northeastern France, related females were captured significantly closer together than unrelated females (F = 6.88, df = 1, p = 0.0095; Supplementary Material, Figure S3 ).
Admixture analysis
Evanno's method showed that K=2 best described our data in both populations, one cluster corresponding to the domestic cats, the other corresponding to the European wildcats ( Figure 3 ). The iterative algorithm allowed us to define hybrids as individuals presenting a mean probability of assignment (conservative approach) or a lower bound of credibility interval (relaxed approach) below 0.79 for domestic cats, and below 0.83 for European wildcats in the Pyrenees; below 0.82 for domestic cats and below 0.89 for European wildcats in Northeastern France. Using the conservative approach, we did not detect any hybrid and snapclust confirmed the absence of hybrids in the Pyrenees, while the relaxed approach detected one of the domestic cats sampled in Nohèdes as being hybrid and this individual detected as being hybrid by the relaxed approach was substantially assigned to the first-generation backcross category by snapclust (Supplementary material, Figure S4 ). The absence of gene flow from domestic cats to wildcats (m = 0.0148 -CI95: 0-0.042) as well as from wildcats to domestic cats (m = 0.0160 -CI95: 0-0.046) was consistent with the absence of hybridization between the two sub-species. On the contrary, in Northeastern France, hybrids were systematically detected, at least in the domestic cat population. Thus, using the conservative approach, two hybrids were detected in domestic cats and none in the European wildcats while sixteen and six hybrids were detected in the domestic cats and European wildcats respectively using the relaxed approach. All the individuals detected as hybrids with the relaxed approach were substantially assigned to the first-generation backcross category by snapclust (Supplementary material, Figure S5 ). No significant gene flow was detected from domestic cats to wildcats (m = 0.0009 -CI95: 0-0.0034) while a low but significant gene flow was detected from European wildcats to domestic cats (m = 0.0077 -CI95: 0.00019-0.028). The primary interesting result is that males as well as females in close proximity are not kin related suggesting that both males and females disperse in this continuous forest landscape, i.e., related females did not tend to remain in the same area contrary to the wildcat population of northeastern France. The dispersal pattern may directly reflect the level of food resource availability. In fragmented environments as observed in northeastern France, with forest alternating with field crops, large areas rich in resources are available for wildcats (34, 35) . With carnivores, food distribution has been suggested to be the major determinant of species spatial distribution (36) . The importance of resource distribution on the spacing pattern of wildcat females has already been proposed (37, 38) and was supported by the study in northeastern France (16) . Thus, although the European wildcat is acknowledged to live solitarily (39, 40) , its dispersal pattern may show more variability than has been described up to now.
DISCUSSION
The second important result is that no hybrid was categorically found neither in the Pyrenean wildcats nor in the Pyrenean domestic cat population. The absence of hybrids in the Pyrenean population contrasts with the situation in northeastern France, where two hybrids were categorically identified among domestic cats and six wildcats out of 42 showed signs of hybridization. The gene flow from wildcats to domestic cats found in this populations is consistent with the one reported by Hertwig et al. (15) in eastern Germany, in a fragmented area notably marked by extensive cultivated landscapes and similar pattern of females spatial distribution (41) .
Compared with estimations in the same area, the rate of hybridization we found in northeastern France is surprisingly low (13.8% against 25% on average, 17,42-44). A possible explanation for this difference may be linked to different sampling strategies.
While our sampling is local, focused on one population of living wildcats and on neighboring populations of living domestic cats, previous studies in France relied upon opportunistic sampling of road-killed animals, over a much larger area. Germain et al. (42, 43) showed that hybrids tend to live in intermediary environments, between forests and villages. This would expose them to road mortality more often than wildcats living in the forest or domestic cats in the villages and thus, sampling schemes based on road-killed animals may be biased towards a higher proportion of hybrids.
The absence of hybrids in the continuous Pyrenean forest landscape may imply that the absence of crops frequented by both wild and domestic cats for hunting purposes may impede encounters between the two subspecies as domestic cats, even feral domestic cats, do not enter the forest environment (during the last seven years no pictures of domestic cats have been taken by camera trapping). Unfortunately, the sample size of this study was limited and more extensive studies will be required to confirm the absence of hybridization in this environmental context. Finally, the Pyrenean wildcats showed values of genetic diversity lower than other wildcat or domestic cat populations in France and in Europe (4.84 alleles per locus on average in the Pyrenean wildcat population while between 3 and 11.8 can be found in the literature with rare populations below 6; ref 13, 17, 32, 44, 45) , suggesting that wildcats in the Pyrenees may be threatened by a lack of genetic diversity. Not surprisingly, the genetic differentiation between Pyreneans domestic cats and their northeastern counterparts was moderate (FST =0.04). In contrast, the Pyrenean wildcat population was significantly differentiated from the northeastern wildcats with a higher FST value (0.08). This genetic divergence could result from a classic genetic process of isolation by distance (IBD, 46), which supposes continuity in the distribution of the European wildcat on French territory; such a cline has been described in the northeastern wildcat population (17, 47) .
Alternatively, some gap in the distribution of wildcats may exist in France as suggested by Conservation strategies of wildcats should take into account the local habitat such as the existence of a fragmented or continuous forest environment, and the presence of agricultural fields (41) . Further investigation should also focus on the spatial distribution of French wildcats -in particular we need to confirm whether the French Pyrenean population is isolated from the main area of wildcats in France but connected to the Spanish Pyrenean wildcat population. Depending upon the answer, the usefulness of wildlife corridors to enhance connectivity between the different wildcat populations should be addressed to ensure the long-term viability of the French Pyrenean wildcat population.
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